A B s T R A C T Cholesterol synthesis has been extensively investigated in various tissues of lower mammals; however, there is little specific information concerning cholesterologenesis in the primate. Furthermore, experiments in whole animals suggest that important differences may exist in the features of cholesterologenesis in the dog and rat versus the monkey anid man. Using the new world squirrel monkey, therefore, we performed the present stu(lies to determine the rates of cholesterologeniesis in various tissues per unit weight, to definie the relative rates of whole organi synthesis, and to evaluate the operation of control mechanisms in these tissues.
INTRODUCTION
While virtually every mammalian tissue is capable of cholesterol synthesis (1, 2) , several quantitative aspects of cholesterologenesis have never been elucidated. First, large differences in rates of synthesis exist between different organ systems. Such tissues as liver, skin, and intestine manifest active conversion of acetate into sterol, whereas at the other end of the spectrum, muscle and mature nervous tissue synthesize cholesterol at extremely low rates (1, 2) . Second, several control mechanisms have been described which act in specific tissues to modulate the rate of sterol synthesis. Cholesterol feeding or fasting, for example, selectively depresses the rate of sterol synthesis in the liver of the rat (2) (3) (4) (5) , while biliary diversion in the same animal results in a striking enhancement of sterol synthesis by the small in-testine (6, 7) . Third, not only do inherent rates of synthesis and control mechanisms vary among tissues, but in addition, it is necessary in considering over-all sterol economy in the intact animal to take into account the extreme variation in organ size. Thus, it is entirely possible that large tissues with low rates of cholesterol synthesis when expressed as a function of unit weight might, in fact, make major contributions to cholesterol balance in the whole animal. Fourth, a separate problem involves evaluation of the ultimate biosynthetic site(s) of the circulating cholesterol pool. Only two tissues have been shown thus far to contribute significantly to the circulating cholesterol pool. Several early investigators provided convincing evidence that the liver made an important contribution to the serum cholesterol (3, (8) (9) (10) ; more recently, data have been presented from this laboratory which indicate that sterol synthesized de novo in the gastrointestinal tract also reaches the circulation ( 11 ) .
And, finally, in addition to consideration of organ size, synthetic rates and control mechanisms in different tissues, the relative importance of these various factors probably varies among species. For example, evidence suggests that in the rat and dog the liver is the principal endogenous source for circulating cholesterol (12, 13) , whereas in man (13) (14) (15) and several other primate species (16, 17) , other tissues such as the intestinal tract may serve as the major biosynthetic sites.
Despite the importance of knowledge of sterol synthetic rates and control mechanisms in problems of sterol metabolism, however, cholesterol synthesis has never been characterized in detail in tissues of a primate. Utilizing one species of new world primate, the squirrel monkey, we designed the present investigations to systematically compare the relative rates of cholesterol synthesis in various tissues per unit weight and the magnitude of whole organ synthesis both in normal circumstances and under conditions of altered metabolic control.
METHODS
Animal preparations. Female Samiris or squirrel monkeys of undetermined strains, weighing 442-825 g, were used in these experiments.1 All animals were 1 Animals obtained from Woodard Asiatic Animal Imports, Inc., San Francisco, Calif.
housed in individual cages and quarantined for 1 wk during which time they were allowed access ad lib. to monkey chow (Ralston Purina Co., St. Louis, Mo.) and water containing tetracycline, 100 mg/liter. After this week of quarantine, no further antibiotics were administered. During the periods of study records of weights and diet consumption were kept. At the termination of these experiments, occasional animals were found to be infested with filaria; however, no difference was noted in experimental results in tissues obtained from infested, as compared with nonlinfested, animals.
Experimental diets. Two experimental diets were utilized in these studies: (a) a solid, chow diet (Purina Monkey chow) and (b) a liquid, formula diet (Lactum, Mead Johnson & Co., Evansville, Ind.). Low cholesterol chow diet was prepared by adding 7 g of triolein to each 100 g of diet and, by direct analysis, contained 0.04 mg of cholesterol/g of diet. High cholesterol chow diets were prepared by adding 7 g triolein in which was dissolved either 0.2, 0.5, or 1.0 g of cholesterol to 100 g of diet (0.2, 0.5, and 1.0%o cholesterol chow diets, respectively). The liquid, formula diet was prepared by homogenizing in a food blender 300 g of Lactum powder, 300 ml of water, one tablet of Poly-vi-sol (Mead Johnson & Co.), and 100 mg of ferrous sulfate. This diet was used as the low cholesterol formula diet and by direct analysis contained 0.19 mg of cholesterol/ml. High cholesterol formula diet was prepared by homogenizing 1.0 g of cholesterol in 100 ml of the liquid diet (1.0% cholesterol formula diet). The feeding schedule and weight gains for each experimental period are given in the appropriate following sections.
Tissue preparations. At the termination of each experiment the monkeys were killed by a blow on the head. The various organs were dissected and washed in cold saline. Slices 1 mm thick of ovary, skin, striated thigh muscle, adrenal, and colon were prepared by hand, while a McIlwain (H. Mickle, Gomshall, Surrey, England) tissue slicer was utilized to make slices of the same thickness from liver, esophagus, stomach, small intestine, hr at 370C in a metabolic shaker at 100 oscillations/min.
In preliminary studies, as shown in Table I , it was determined that this concentration of acetate, 1.10 Anmole/ml, was suffiziently high so that the incorporation rates were determined essentially under conditions of zero order kinetics.
Chemical nethods. The method for determining the incorporation of radioactive acetate into digitonin precipitable sterols has been described in detail (5 (2) . This method allows separation of the faster running cholestanol from cholesterol and other unsaturated sterols.
After development the plates were dried, sprayed with a 0.005%o rhodamine G (Allied Chemical Corp., New York) solution, and examined under ultraviolet light. For assay of the "C content of each sterol, the individual spots were scraped from the plates and put directly into counting vials containing PPO-POPOP scintillation fluid. Quenching was corrected for by internal standardization.
As shown in Table II , the great majority of the "C was found in cholesterol in all tissues except skin. Thus, of the total acetate-2-"C incorporated into digitonin precipitable sterols, 82.0-86.8 and 94.2%o were found specifically in cholesterol in the gastrointestinal tract and liver, respectively, whereas only 18.3% of the "C from skin was in the cholesterol area. This finding correlates with the observation that of all the tissues in this species only in skin have significant amounts of sterols other than cholesterol been identified (17) . It is clear that in the case of the liver and gastrointestinal tract, digitonin precipitable sterol-J4C primarily represents labeled cholesterol; since these tissues are quantitatively the most important sites of cholesterol synthesis and since they were the main subject of scrutiny in these studies, acetate-2-"C incorporation into sterols is subsequently referred to as cholesterol synthesis.
RESULTS
Relative rates of cholesterologenesis in tissues of control animals. Initial experiments were undertaken to determine the relative rates at which slices from various tissues of animals fed the low cholesterol chow diet incorporate acetate-2-14C into digitonin precipitable sterols. Animals were fed the low cholesterol chow diet for 1 wk; the average food intake was 24 g/day, and the mean weight gain was 52 g/week. The results of these studies are shown in Table III and Fig. 1 The entire amount of synthesis detected in all other organs combined accounted for less than 2%o of the total. Furthermore, if one takes into account the fact that only 18%o of the sterol synthetic activity of skin represents the synthesis of cholesterol, then two tissues, the liver and gastrointestinal tract, account for at least 97% of the total cholesterol synthesized under these conditions. It is noteworthy that muscle, the largest tissue mass in the body, contributes little to the total assayable sterol synthetic activity (0.5%'o).
Effects of cholesterol feeding on rates of cholesterologenesis in various tissues of the monkey. The effects of feeding a high cholesterol chow diet for 1 wk on the rates of sterol synthesis in various organs is shown in Table III and Fig. 1 b. The avgeyage food intake in these animals equaled 29 g/ day, and the mean weight gain was 33 g/week. The liver of the monkey was clearly responsive to cholesterol feeding, the rate of hepatic cholesterologenesis decreased from a control value of 612.8 + 176.3 mumoles/g per 2 hr to only 24.9
16.3 mttmoles/g per 2 hr after cholesterol ingestion. Since no difference in the degree of inhibition was seen with the feeding of either the 0.5 or 1.0%o cholesterol chow diet, data from these two groups of animals were combined. Feeding a 0.2%o cholesterol chow diet, however, resulted in incomplete inhibition of hepatic cholesterologenesis to a mean rate of 126 m~umoles/g per 2 hr. In striking contrast to the findings in liver, cholesterol feeding did not result in a significant alteration in the rate of cholesterologenesis in any other tissue assayed; thus the liver of the monkey, like that of the rat, is the only tissue in which the rate of cholesterol synthesis is controlled by a feedback mechanism responsive to exogenous cholesterol.
As shown in Fig. 2 , a similar finding was demonstrated in animals fed the 1.0%o cholesterol formula diet. The average weight gain in these animals was 21 g/week. While the control value for hepatic cholesterologenesis in the animals fed the low cholesterol formula diet was only 162.1 + 45 mn,,moles/g per 2 hr, the effect of cholesterol feeding in these animals was on an average more marked than in the case of the chow diet (8.2 + 2.3 vs. 24.9 + 16.3 mFumoles/g per 2 hr). Again, no inhibitory effect upon intestinal cholesterologenesis was evident. These studies provide further evidence for the exclusive responsiveness of the liver of the monkey to exogenous cholesterol.
The effect of cholesterol feeding in terms of whole organ synthesis is shown in the third column As shown in Fig. 3 Effects of biliary diversion on cholesterologenesis in the liver and gastrointestinal tract. In order to determine whether cholesterologenesis in the gastrointestinal tract in the monkey was under feedback control by bile, four control animals were sham operated, while the common duct was cannulated below the level of the cystic duct in four additional monkeys. The catheter was exteriorized through a dorsal stab wound, and bile was allowed to drain freely to the outside. Neither group was fed the night after surgery, but during the subsequent 36 hr they were tube fed 20 ml of the low cholesterol formula diet three times. 48 hr after surgery the animals were killed, and the synthetic activity in the intestine and liver was assayed.
As shown in Fig. 4 (20) and MacNintch et al. (21) , there is an extremely effective cholesterol negative feedback mechanism in the liver of the monkey; hepatic cholesterologenesis is depressed 25-fold after only one wk of feeding a high cholesterol diet. Furthermore, as has been previously reported in lower animals (2-5) and the monkey (20) , the liver appears to be unique in the possession of this feedback mechanisi., no other tissue in this study having demonstrated a significant inhibition of cholesterol synthesis after this dietary maneuver. Fourth, cholesterol synthesis in the liver also appears to be very sensitive to the effects of fasting, since the mean hepatic sterol synthetic rate falls to about 8% of control values after 96 hr of deprivation under conditions in which synthesis at various levels of the gastrointestinal tract was not strikingly altered. Finally, after diversion of biliary contents from the intestine, there was a marked increase in sterol synthesis both in the liver and at all levels of the small intestine.
From these data two generalizations seem justified. First, in regard to absolute rates, the relative contributions of various organs and metabolic control, cholesterol synthesis in this species of monkey appears to be almost identical to the findings in the rat. While such extensive chemical dissection has not yet been reported for any species other than rat and monkey, fragmentary data in other animals as well as in man (22, 23) suggest that the important features of sterol synthesis are similar in all species. At any rate, it is clear that the quantitative differences which have been reported between rat and monkey in the relative importance of endogenous and exogenous contributions to the circulating serum cholesterol (13, 14, 16, 17) cannot be the result of differences in the control of cholesterol synthesis but must in fact be the consequence of differences either in cholesterol obsorption, cholesterol turnover or excretion, or some other l)arameter of cholesterol metabolism.
Second, while there are definite limitations to the extrapolation to the whole animal of in vitro biosynthetic data, the results of the present study emphasize anew both the relative and absolute importance of the gastrointestinal tract as a biosynthetic site of cholesterol in the monkey under circumstances of both high and low cholesterol feedinig. This is particularly true if these data are taken together with other recent studies of this prolJlem. Not only does the intestine of the monkey contribute locally synthetized cholesterol into the circulation, but more importantly, acetate-14C conversion into circulating cholesterol for at least 48 hr is almost entirely inhibited in the cholesterolfed monkey in which the intestinal contribution is diverted from the circulation by intestinal lymphatic cannulation (17) . In addition, utilizing a double isotopic technique, we have estimated the contribution of the intestine into the circulation of Cholesterol Synthesis in the Monkey this species of monkey to be constant regardless of the level of dietary intake of cholesterol (17) . And, since the degree of equilibration between skin cholesterol and that of the circulation is limited both because of the epithelial barrier of the skin and because of continuous desquamation of hair, epithelial cells, and sebum, it is entirely possible that liver and intestine are the only significant sites for the biosynthesis of circulating cholesterol.
